zymes. The V,,, of the wild-type enzyme was about 450 micromoles per minute per milligram of protein, and values for the mutant enzyme were 140 micromoles per minute per milligram at pH 6.5 and 36 micromoles per minute per milligram at pH 7.8. Thermal stabilities of the wild-type and mutant kinases were similar. Sequence analysis of the 12-2B phosphoribulokinase gene revealed a C to T transition that caused an arginine to cysteine change at position 64 of the enzyme. This arginine residue is conserved in phosphoribulokinases from vascular plants, algae, and photosynthetic bacteria and appears to function in binding ribulose 5-phosphate. Phosphoribulokinase catalyzes the ATP-dependent phosphorylation of D-Ru5P2 to form D-ribulose-1 ,5-bisphosphate, which is then a substrate for Rubisco in photosynthesis and photorespiration (18) . Phosphoribulokinase plays a key regulatory role in the photosynthetic carbon reduction cycle, as evidenced by its multiple and diverse control mechanisms. The enzyme of eukaryotic organisms is regulated by metabolites (6) , energy charge (12) , and light via the Fd-thioredoxin regulatory system which reduces a specific disulfide to activate the enzyme (2, 4) . Phosphoribulokinase from the green alga Chlamydomonas reinhardtii is similar in its structural, regulatory, and kinetic properties to the enzyme of higher plants and is encoded by a single-copy, nuclear gene (9, 26) .
Few functional amino acid residues have been identified in phosphoribulokinase from any organism. No domain have been identified through recognition of a nucleotide-binding consensus sequence (11, 21) and by affinity labeling the spinach enzyme with ATP analogs (1 1, 16 ). The reductive/oxidative regulation of phosphoribulokinase also is not clearly understood. Cysteines 16 and 55 are the regulatory cysteines for this thioredoxin-mediated regulation (15, 21) , but the mechanism of inactivation associated with disulfide formation is not known. Two Chlamydomonas mutant strains deficient in phosphoribulokinase activity have been isolated, 12-2B (27, 29) and F-60 (17) . Both of these mendelian mutants require acetate for growth and have intact photosystems. Mutant 12-2B possesses substantial amounts of phosphoribulokinase protein, with an altered isoelectric point and measurable activity (27) . Light activation of the 12-2B enzyme is not impaired. Little or no phosphoribulokinase activity was observed in extracts of mutant F-60 (16) , but no additional characterization of the lesion has been done. Both mutations are expected to be point mutations, because the mutagens used were ethyl methanesulfonate for 12-2B and methyl methanesulfonate for F-60. The 12-2B and F-60 mutant strains were further examined in the present study.
MATERIALS AND METHODS

Strain and Culture Conditions
Chlamydomonas reinhardtii wild-type strain 2137 and mutant strain F-60 were grown mixotrophically at 27°C on acetate medium (29) at a light intensity of about 200 ,mol photons m-2 s-'. Because of its light-sensitive phenotype (29) , mutant strain 12-2B was grown heterotrophically in the dark in the same medium. Air was continuously bubbled through the cultures.
Protein Purification and Immunoblot Analysis
Phosphoribulokinase from wild-type and mutant 12-2B strains was purified to apparent homogeneity as described previously (26) with two modifications. Gel filtration chromatography with a fast protein liquid chromatography Superose3 12 column was omitted, and affinity chromatog-raphy with ATP-agarose was performed twice rather than once. In the first ATP-agarose treatment with 20 mM bis-trispropane and 5 mm DTT at pH 8.8, phosphoribulokinase did not bind but several impurities did. In the second treatment with 20 mm bis-tris-propane and 5 mM DTT at pH 7.0, phosphoribulokinase bound to the column and was eluted with ATP as reported previously (26) . Protein was determined by the method of Bradford (1) with the Bio-Rad reagent, using BSA as a standard. Immunoblot analysis was done as described previously (26) .
Assay of Phosphoribulokinase Activity
Enzyme activity was measured spectrophotometrically at 25TC by coupling Ru5P-dependent ADP formation to NADH oxidation with pyruvate kinase and lactate dehydrogenase (22) . Buffers and Ru5P concentrations are reported in the figure legends. All other assay components and concentrations were as described previously (26) . Substrates and enzymes for the assays were from Sigma.
Determination of Kinetic Parameters
Kinetic parameters were determined from double-reciprocal plots and linear regression analysis. Vmax 
RESULTS
Immunoblot Analysis
Immunoblots of crude protein extracts from wild-type, mutant F-60, and mutant 12-2B strains were probed with antibodies to the purified Chlamydomonas wild-type protein (Fig. 1) . No phosphoribulokinase was detected in mutant F-60, even with five times more protein than wild type. A phosphoribulokinase polypeptide, similar in size to the wildtype polypeptide, was detected in mutant 12-2B. This result is consistent with a previous experiment in which an extract of 12-2B was probed with antibodies to the spinach protein (27) .
pH Response Chlamydomonas wild-type phosphoribulokinase displayed a broad activity peak in response to pH, with an optimum at pH 8.0 (Fig. 2) . Similar results were previously reported for the spinach ( 12) and wheat (30) proteins. In contrast, the 12-2B enzyme displayed a narrower activity peak with an optimum at pH 6.5.
Determination of Kinetic Parameters
Results of the kinetic studies with purified wild-type and mutant 1 2-2B enzymes are summarized in Table I whether the 1 2-2B mutation substantially affected the threedimensional conformation of the enzyme. No significant differences in the thermal stabilities of the wild-type and 12-2B kinases were observed (Fig. 4) .
Sequence Analysis of the 12-2B Mutation
Sequence analysis of the 12-2B genomic clones and comparison with the wild-type cDNA sequence (26) revealed only one change, a C to T missense mutation that caused an arginine to cysteine change at position 64 of mature phosphoribulokinase (Fig. 5 ). This result is consistent with the previous observation that the 12-2B enzyme possesses a more acidic isoelectric point than does the wild-type enzyme (27) . The primary structure of phosphoribulokinase has been determined for six organisms, representing higher plant monocotyledons and dicotyledons, green algae, and photosynthetic bacteria (Fig. 6 ). Arginine 64, corresponding to arginine 49 in bacterial phosphoribulokinase, is conserved in the enzyme from all of these species.
DISCUSSION
Arginine 64 in Chlamydomonas phosphoribulokinase is clearly not essential for catalysis, because substantial catalytic activity is retained in its absence in the 12-2B enzyme. However, there was a 1000-fold increase in the Km(Ru5P) value. Retention of activity together with the large increase in (3, 24) . An indirect role for arginine 64 in binding Ru5P, through stabilization of a conformation conducive to binding, is also possible. The importance of arginine 64 for proper function of phosphoribulokinase is further indicated by the fact that it is conserved in the enzyme from diverse organisms (Fig. 6) . The presence of this residue in bacterial phosphoribulokinase is especially noteworthy, because the bacterial enzyme possesses <15% sequence identity (10) in comparison with the Chlamydomonas and higher plant enzymes (14, 23, 25, 26) . The conserved arginine is located in one of five sequence motifs present in phosphoribulokinase of both prokaryotes and eukaryotes (10).
Phosphoribulokinase cysteines 16 bond during oxidative inactivation (21) . Loss of the cysteine 55 sulfhydryl accounts for much of the inactivation, because replacement of this residue with seine or alanine reduces activity by 85 to 90% (15 shown). Arginine 64 may be in close proximity to cysteine 55 in the tertiary, as well as the primary, structure. Cysteine 55 of the spinach enzyme was labeled, and the enzyme was inactivated nt 12-2B phosphowith the Ru5P analog bromoacetylethanolamine phosphate s-KOH and 10 mM (20) . Cysteine 55 was also cyanylated and the enzyme was temperatures for 10 inhibited with 2-nitro-5-thiocyanobenzoate (19 The cysteine substitution for arginine at position 64 resulted in a markedly different pH profile (Fig. 2) (27) . However, the Ru5P concentration in the mutant strain apparently does not increase sufficiently to permit photoautotrophic growth. The pH of the chloroplast stroma in the light is about 8.0 (31), which is well above the pH optimum of the mutant enzyme (Fig. 2) and would further reduce phosphoribulokinase activity. The Chlamydomonas F-60 mutant was isolated and characterized as deficient in phosphoribulokinase activity more than 20 years ago (17) . This mutant strain has been used in various experiments including fermentative metabolism and CO2 uptake studies (8) . Despite this experimental use, it was not known whether the deficiency in activity reflected a catalytically defective enzyme or subnormal amounts of the enzyme. The immunoblot analysis presented here indicates that the phosphoribulokinase protein does not accumulate to detectable levels in this mutant strain. The precise nature of the F-60 lesion has yet to be determined.
